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  33 
 ABSTRACT 34 
 35 
Despite growing interest in light-driven ion pumps for use in optogenetics, current estimates of 36 
their transport rates span two orders of magnitude due to challenges in measuring slow transport 37 
processes, determining protein concentration and / or orientation in membranes in vitro. In this 38 
study, we report the first direct quantitative measurement of light-driven Cl– transport rates of the 39 
anion pump halorohodopsin from Natronomonas pharaonis (NpHR). We used light-interfaced 40 
voltage clamp measurements on NpHR-expressing oocytes to obtain a transport rate of 219 (± 41 
98) Cl–/protein/s for a photon flux of 630 photons/protein/s. The measurement is consistent with 42 
the literature reported quantum efficiency of ~30% for NpHR, i.e., 0.3 isomerizations per photon 43 
absorbed. To reconcile our measurements with an earlier-reported 20 ms rate limiting step or 35 44 
turnover/protein/s, we conducted novel consecutive single-turnover flash experiments that 45 
demonstrate that under continuous illumination, NpHR bypasses this step in the photocycle as 46 
proposed in a recent study by Kleinlogel et al. 47 
 48 
 49 
  50 
 INTRODUCTION  51 
 52 
Optogenetics is an emerging frontier of neuroscience and synthetic biology with applications in 53 
therapeutics, drug targeting, and the study of the brain as a complex electronic circuit (1). In 54 
some applications, microbial opsins are heterologously expressed in neural cells and used to 55 
elicit light-induced hyper/de-polarization of neural membranes in the study of drug addiction (2), 56 
depression (3), epilepsy (4), Parkinson’s (5), and other neural diseases (1, 5, 6). In addition to 57 
their widespread use in optogenetics, opsins are also of interest for use in biophotonic devices 58 
such as holographic processors, optical memory, artificial retinas, and photovoltaic devices (7). 59 
Despite the growing applications of both natural and genetically-modified light-driven opsins (8, 60 
9), no standard technique exists for direct measurement and comparison of opsin-mediated ion 61 
transport rates (10).  62 
 63 
The opsin of interest in this study, halorhodopsin from Natromonas pharaonis (NpHR), is an 64 
electrogenic pump that transports Cl–, Br–, I–, NO3– and SCN– vectorially across the lipid 65 
membrane in response to light (11). In optogenetics, NpHR is specifically used for silencing 66 
neurons through its effect on polarizing the neural membrane (12, 13) and to treat rats and 67 
potentially humans for retinitis pigmentosa (14). Since its discovery in 1976 (15), studies have 68 
focused on the structure of NpHR and its mechanism of ion transport (16-20). However little is 69 
known about the intrinsic transport rate of this light-driven ion pump, a critical parameter in 70 
predicting the extent of opsin-mediated neural polarization (10). One reason for the almost 71 
complete lack of data stems from the difficulty in measuring the approximately thousand-fold 72 
slower transport rate of light-driven pumps in comparison to well-studied light-gated channels 73 
(21, 22).  74 
 75 
Currently estimated chloride transport rates for NpHR span three orders of magnitude from less 76 
than 1 ion/protein/s (18, 23) to as high as 1245 ions/protein/s (24) using various indirect 77 
techniques (Table 1). The discrepancy in measurements can be explained due to semi-78 
quantitative / indirect methods of measurement of ion transport or protein concentration, 79 
challenges in estimating the directionality of proteins in in vitro systems and / or differences in 80 
illumination conditions. The lowest reported transport rate was determined by using an indirect 81 
Cl– transport measurement in N. pharaonis envelope vesicles, which uses passive proton 82 
transport in the presence of a proton ionophore to estimate the active transport rate of Cl– ions 83 
(less than 1 ion/protein/s) (18, 23). The next lowest measurement was based on flash optical 84 
experiments. From the NpHR photocycle model proposed by Chizhov et al. (25), the rate-85 
limiting step is proposed to be the final transition between the state P6 and the ground state, P0 86 
(Figure 1). This is equivalent to a maximum attainable transport rate of ~ 35 Cl– ions/protein/s 87 
(t1/2 = 20 ms) (25, 26). However, the kinetic evidence for this final proposed transition is 88 
relatively weak compared to the other kinetic intermediates in the photocycle. The absorption 89 
spectra of P6 and P0 are almost identical and the amplitude of the transient absorption change 90 
attributed to this transition only constitutes ~1% of the maximal change in absorbance observed 91 
during the photocycle (25). 92 
  93 
 More recently, Kleinlogel et al. used patch clamp current measurements on tandem constructs of 94 
NpHR and channelrhodopsin (ChR2) in neural cells to estimate a transport rate of 1245 95 
ions/protein/s under continuous illumination (24). To reconcile this faster transport rate, 96 
Kleinlogel et al. proposed that under continuous illumination, the final step in the photocycle 97 
with a half-life of 20 ms (P6 à P0) can be bypassed (Figure 1). On the basis that P6 and P0 have 98 
nearly identical absorption spectra, they proposed that the last state (P6) could theoretically 99 
absorb a photon of light and initiate another turnover of NpHR without passing through the 100 
ground state (P0). We tested this “bypass” hypothesis by exciting detergent-solubilized NpHR 101 
with repeated flashes of actinic light at increasing repetition rates, to simulate an approach to 102 
continuous illumination, while monitoring the recovery of the Cl– bound state of the excited 103 
protein. We monitored the time-dependence of the recovery of NpHR by measuring the 104 
absorbance change of NpHR at 570 nm, which is characteristic of the chloride uptake step, the 105 
penultimate step of the photocycle (Figure 1). The amplitude of absorbance recovery/change at 106 
570 nm is directly proportional to the fraction of NpHR that is able to bind a chloride ion 107 
following turnover in response to actinic light. We observed an equivalent amount of absorbance 108 
change at 570 nm at actinic repetition rates faster than the slower P6àP0 transition (t1/2 = 20 ms) 109 
indicating that the majority of the NpHR population is primed and ready to pump the next ion in 110 
response to actinic illumination (Figure 4). This offers direct evidence for the “bypass” 111 
hypothesis and suggests the P6 to P0 relaxation is not the rate-limiting step in the NpHR 112 
photocycle under continuous illumination. 113 
 114 
While previous measurements have estimated the Cl– transport rate of NpHR using indirect 115 
methods, a direct quantitative measurement of the Cl– transport rate of NpHR, to our knowledge, 116 
does not exist. We therefore set out to measure the Cl– transport rate of directionally inserted 117 
NpHR with a N-terminal Myc-tag in Xenopus laevis oocytes to determine the average per protein 118 
transport rate of NpHR in vivo. We quantified ion transport in oocytes in response to light using 119 
voltage clamp measurements and estimated the protein expressed per oocyte by quantifying the 120 
genetically fused Myc-tag using Western blot analysis. This analysis provides a transport rate of 121 
219 (± 98) Cl–/protein/s at a photon flux of 630 photons/protein/s or 0.35 (± 0.16) Cl–/photon. 122 
This per photon transport rate is consistent with the previously reported quantum efficiency of 123 
NpHR of ~0.3 which corresponds to 0.3 successful isomerizations of NpHR per photon absorbed 124 
(28-30). We propose that this oocyte-based assay can also be used to directly measure the 125 
transport rates of other light-driven opsins. These ion transport rates can be used to guide the 126 
optimization of opsin expression to maximize output (e.g. neural (de)polarization) while 127 
minimizing photodamage from external illumination (8, 10, 13). 128 
MATERIALS AND METHODS 129 
1. Photocurrent measurement on NpHR expressed in oocytes 130 
 131 
Construction of the expression plasmid of the histidine-tagged NpHR in the oocyte expression 132 
pGT vector. A Gateway BP reaction was used to recombine a N-terminal Myc-tagged and C-133 
terminal 6xHis tag fused NpHR into Gateway™ entry vector pDONR207 using BP clonase II 134 
(Life Technologies). The resulting entry clone was recombined via an LR reaction (Life 135 
Technologies) into pGT-Dest oocyte expression vector described previously by Grefen et al. 136 
(31). Capped cRNA was synthesized with an in vitro transcription kit, T7 mMessage mMachine 137 
 (Ambion, USA), from the linearized pGT destination clone. 138 
 139 
Expression and ion current measurement of the Myc-tagged NpHR in Xenopus laevis oocytes. 140 
The method used was adapted from previous work by Seki et al. and Grefen et al. (20, 31). 141 
Mature oocytes (stage V-VI) from Xenopus were isolated by treatment with collagenase (2 142 
mg/ml), and maintained at 18°C in ND96 medium (2 mM KCl, 96 mM NaCl, 1 mM MgCl2, 1.8 143 
mM CaCl2, 5 mM HEPES, pH 7.4), supplemented with 3 mM retinal and 0.5 µg/ml gentamycin. 144 
Oocytes were injected with 3 ng (n=7) and 9 ng (n=10) of NpHR cRNA as a control for 145 
expression variation with cRNA concentration and incubated for 3 days before recording. 146 
Electrophysiological studies were performed with the two-electrode voltage-clamp (TEVC) 147 
technique. Oocytes were recorded under continuous perfusion in a solution containing 100 mM 148 
NaCl, 2 mM KCl, 1.5 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, pH 7.4. A voltage clamp 149 
protocol was run just before and during light stimulation once the membrane potential had 150 
stabilized. Illumination at 589 nm was provided by a MGL-F-589nm 100 mW output power (9.9 151 
x 10-2 mW/cm-2) laser (CNI Optoelectronics, China). Holding voltage was set at 0 mV, then 152 
protocol steps were incrementing from 0 mV to 100 mV, and decreasing from 0 mV to -200 mV. 153 
TEVC experiments were performed with Axoclamp 2B amplifier (Axon Instruments) and 154 
currents recorded with Henry III software (Y-Science; University of Glasgow). The 155 
photoinduced current was calculated as the difference between the steady-state currents recorded 156 
before and during light stimulation. 157 
Experimental procedure for determining NpHR concentration in oocytes 158 
Determination of NpHR bound to Myc antibody prior to NpHR quantification in oocyte. Purified  159 
Myc- and His- tagged NpHR were incubated with c-Myc tag antibody Ab9106 (Abcam) in 160 
excess for 9 hours/overnight at 4°C followed by incubation with Ni NTA resin for 2 hours to 161 
bind the His-NpHR-MycAb complex. Prior to incubation, Ni resin was washed three times with 162 
washing buffer (150 mM NaCl, 50 mM Tris, 5% glycerol, 0.2% Triton, pH 8). The resin-NpHR-163 
antibody complex was then poured onto a GEN-1SBM-100 mini filter and washed with the same 164 
washing buffer for at least 60× the resin volume. The column was then eluted with 150 mM 165 
NaCl, Tris 50 mM, 300 mM imidazole solution to obtain pure NpHR-antibody complex. The 166 
concentration of the purified Myc-tagged NpHR was first determined from a Coomassie blue-167 
stained gel using 26 kDa glutathione S-transferase (GST) as a standard to develop a calibration 168 
curve (SI Figure S1A). NpHR-antibody complexes were run on the same gel after denaturation 169 
by boiling 9 µL of protein complex with 5 µL DTT-containing loading buffer for 10 min and 170 
then incubating the mixture at 37°C for 30 min. Following denaturation, NpHR is a 32/100th 171 
fraction of the measured 50 kDa antibody subunit. The relative density of this gel was 172 
determined using ImageJ v. 1.48 software (http://rsb.info.nih.gov/ij/). Once the recombinant 173 
NpHR concentration was determined, it was used to determine NpHR concentration in oocyte 174 
membranes (SI Figure S1B).  175 
 176 
Protein quantification in oocytes. NpHR concentration in oocytes, specifically in the plasma 177 
membrane of oocytes, was measured as follows. Oocytes were harvested just after recording; 178 
their vittelin membrane removed with forceps and the oocytes incubated for one hour with c-179 
Myc tag antibody (Abcam Ab9106, 0.5 µg/ml). Following incubation with the antibody, the 180 
oocytes were washed 3 times in 20 ml ND96 to remove unbound myc-antibody (therefore 181 
excluding the possibility of the antibody binding to poorly-trafficked NpHR protein not localized 182 
on the cell surface). All of the solution was removed and replaced by a RIPA buffer (150 mM  183 
 NaCl, 0.25% SDS, 1% NP-40, 1 mM EDTA, 1 mM NaF, 1.125 mM DMFS, 50 mM Tris HCl 184 
pH 7.4; 10 µl/oocyte), and then oocytes were homogenized and centrifuged at 425 g. One 185 
volume of loading buffer (4M urea, 10% SDS, 40 mM EDTA, 0.2% Triton, 0.1% bromophenol 186 
blue, 20% glycerol, 200 mM DTT, 100 mM Tris HCl pH 6.8) was added to the supernatant and 187 
samples boiled for 10 min before running a gel followed by Western blotting. Membranes were 188 
blotted with secondary horseradish peroxidase-coupled goat anti-rabbit antibody (Abcam 189 
dilution 1:1000) and bands were detected using ECL Advance Detection Kit (GE Healthcare). 190 
The relative density of the developed bands was calculated using Fusion-Capt software (Vilber 191 
Lourmat, France) (SI Figure S1B).  192 
 193 
2. E. coli growth and purification of NpHR 194 
 195 
Expression and purification of NpHR was adapted from the protocol of Sato, et al. (16). We 196 
expressed Natromonas pharaonis NpHR by cloning an Escherichia coli codon optimized gene 197 
with a C- terminal 6x histidine tag (1MAETLP......TPADD291LEHHHHHH]). Using the T7 198 
polymerase/pCDF Duet-1 enhanced co-expression system for E. coli BL21 (DE3) (Novagen), we 199 
obtained high expression of NpHR-LE-his from plasmid pCB8a (16). The cells were grown at 200 
37°C in 2×YT medium supplemented with 50 µg/ml spectinomycin (Gold Biotechnology). At an 201 
optical density at 600 nm, OD600 of 0.6, 5 µg of all-trans-retinal (Sigma-Aldrich) was added per 202 
liter of culture and the cells were grown for an additional 4 hours before harvesting. The cell 203 
pellet was resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 5 mM MgCl2) and lysed in a 204 
microfluidizer (M110EH, Microfluidics Corporation). Cell debris was removed via low speed 205 
centrifugation (2000 g) and the resulting supernatant was spun at 208,000 g for 1 h at 4°C to 206 
pellet the plasma membranes. The membrane pellets were suspended in 50 mM MES, pH 6.0, 207 
300 mM NaCl, 1.5% DM (n-decyl-β-D maltopyranoside) (GLYCON Biochemicals, Germany) 208 
and solubilized overnight at 4°C. Unsolubilized membranes were removed by ultracentrifugation 209 
at 208,000 g for 1 hour at 4°C. The supernatant was incubated with Ni-NTA resin and the resin 210 
washed to remove non-specifically bound proteins with wash buffer (50 mM MES, pH 6.0, 300 211 
mM NaCl, 45 mM imidazole, 0.2% DM). The protein was eluted with a high imidazole elution 212 
buffer (50 mM MES, pH 6.0, 300 mM NaCl, 1 M imidazole, 0.2% DM); the final protein 213 
concentration and purity was estimated by the molar extinction coefficient (54000 M-1cm-1 at 580 214 
nm) and the ratio of 280 nm to 580 nm absorbance (32). We used the Bradford assay for initial 215 
quantification of the protein for a standard / calibration curve. A correction factor of 1.684 was 216 
applied to the Bradford assay as obtained by determining the purified NpHR concentration using 217 
the Bradford assay and then quantifying the actual amino acid content of the same protein 218 
sample using chemical analysis (details in the website http://msf.ucdavis.edu/amino-acid-219 
analysis/, Molecular Structural Facility, UC Davis) (16, 32, 33). Purity of the isolated protein 220 
was confirmed using silver stained SDS-PAGE and anti-histidine tag Western blot analysis 221 
which show a single band at ~ 30 kDa (Figures 2 A and B). The absorption spectrum of the 222 
purified detergent-solubilized NpHR has an absorption maximum at 580 nm consistent with all-223 
trans retinal incorporation (Figure 2 C) (25, 26).  224 
 225 
3. Photocycle measurements of NpHR 226 
 Consecutive single-turnover flash induced absorbance changes at 570 nm were measured with a 227 
JTS-10 pump-probe spectrometer (Bio-logic, Knoxville, TN) with a time resolution of 100 µs 228 
per point. The optical sample was contained in a cylindrical cuvette with a 1 cm path length 229 
which was loaded with a syringe such that the final sample geometry ruled out the possibility of 230 
diffusional replacement of NpHR in the optical path on the timescale of our consecutive flash 231 
assays. NpHR was purified as described above and imidazole was removed from the elution 232 
buffer by use of a G-25 size exclusion column (GE healthcare, Little Chalfont, UK) into buffer 233 
containing 50 mM MES pH 6.0 with 0.2% n-decyl-β-D-maltopyranoside (Anatrace, Maumee, 234 
OH) and 300 mM NaCl at an OD580 nm of 0.06. Non-saturating excitation at 532 nm was 235 
provided by a frequency-doubled ORC-1000 Nd:YAG laser (Clark MXR Inc, Dexter, MI) at 4 236 
mJ/pulse with a pulse width of 400 ns (12.7 MW/cm-2). The probe beam was provided by the 237 
internal JTS-10 pulsed white light LED with a pulse width of ~10 µs. The probe beam was 238 
filtered prior to passing through the sample using a 570 nm interference filter with a full width at 239 
half maximum of 10 nm (Edmund Optics, Barrington, NJ) and the resulting light intensity at 570 240 
nm incident on the sample was ~25 nW/cm-2. The timing of the actinic pulses was controlled 241 
externally by a Hewlett Packard 8112A pulse generator (Hewlett Packard, Palo Alto, CA) in 242 
external burst mode. The actinic laser was triggered using the JTS-10 100 ms after the start of 243 
data collection to obtain a baseline. Data are the result of a single data acquisition with a 244 
subtracted dark signal where the laser was fired but the actinic light blocked from exciting the 245 
sample to remove a minor electrical background signal generated from the laser (See SI Figure 246 
S2 A,B for representative raw data). Rare single point deviations from the exponential recoveries 247 
due to small air bubbles in the cuvette or misfiring of the detection source in the BioLogic JTS-248 
10 instrument had amplitudes an order of magnitude larger than the rest of the data points and 249 
were deleted manually. Only 4 such points were observed out of the 1,784 collected for the entire 250 
data set. Consecutive flash experiments using the ORC-1000 Nd:YAG laser (Clark MXR Inc, 251 
Dexter, MI) were carried out at 70% of the saturation limit for NpHR as limited by the intensity 252 
of the actinic source (4 mJ/pulse). A Quanta-ray DCR-11 frequency doubled Nd:YAG laser 253 
(Spectra-Physics, Santa Clara, CA) capable of 21 mJ/pulse single-turnover flashes (at 1 Hz 254 
repetition rate) was used to measure the saturation percentage of the 570 nm photobleaching 255 
signal at 4 mJ/pulse. NpHR saturation was obtained at light intensities greater than or equal to 256 
9.7 mJ/pulse as measured by the amplitude of the initial light-induced absorbance change at 570 257 
nm (SI Figure S3 A, B). 258 
 259 
RESULTS  260 
 261 
Voltage-clamp measurements on NpHR-expressing oocytes   262 
 263 
Voltage-clamp experiments were conducted with Xenopus laevis oocytes injected with water or 264 
with NpHR cRNA to express NpHR and subsequently exposed to laser illumination to determine 265 
the ion transport rates of NpHR (Figure 3 and Figure S1). The per protein ion transport was then 266 
determined from measured ion currents at 0 mV and protein concentrations calibrated from 267 
Coomassie stained gels and Western blot analyses. Loading concentrations of oocytes expressing 268 
NpHR were adjusted to operate in the linear range of the Myc-tagged NpHR calibration curve and 269 
densiometric analysis of the resulting Western blot data used to estimate NpHR concentration in 270 
the oocyte membrane (34-36). The resulting per protein ion transport was 219 (± 98) Cl–271 
/protein/s. 272 
  273 
Number of photons absorbed per protein. The titration curve of current per oocyte over a range of 274 
laser intensities (Figure S4) appears to be well below those required for saturation, i.e., for 275 
activation of the entire NpHR population expressed in oocytes. To obtain ion transport per protein 276 
per photon, we calculated the number of photons absorbed per protein per second by taking the 277 
product of the overall photon flux (I) and the effective chromophore cross-sectional area (σ). The 278 
latter is obtained from the molar extinction coefficient (ε) of the chromophore at the excitation 279 
wavelength (37). For NpHR in the presence of Cl–, illuminated at 589 nm,  σ = 2303   !!"#$%!!  cm2 280 
molecule-1 where the extinction coefficient ε!"#$% = 0.97(ε!"#$%) is derived from the steady-281 
state absorbance spectrum of NpHR (32, 37). Thus the data collectively lead to the average 282 
transport rate of NpHR of 219 (± 98) Cl–/protein/s for a photon flux of 630 photons/protein/s, i.e., 283 
0.35 (± 0.16) Cl–/photon.  284 
 285 
 286 
 287 
Consecutive single-turnover flash experiments on NpHR in vitro  288 
To test the feasibility of our measured steady state Cl– transport rate in oocytes we set out to 289 
determine whether the P6 à P0 step in the NpHR photocycle is rate limiting. To do this we 290 
interrogated detergent solubilized NpHR micelles with a series of consecutive actinic flashes with 291 
pulse delay times that were both longer and shorter than the P6 à P0 half-life. As we increase the 292 
repetition rate of temporally resolved consecutive flashes we can approach the conditions of 293 
continuous illumination used in steady state assays, such as our oocyte experiment, while directly 294 
probing whether excitation of NpHR in the P6 state can lead to another turnover. For example, at 295 
excitation repetition rates greater than 50 Hz (< 20 ms between each consecutive flash), NpHR is 296 
excited faster than the decay of P6 à P0, which has a half-life of 20 ms (Figure 1). If the P6 à P0 297 
step is rate-limiting, consecutive actinic flashes at > 50 Hz should elicit only fractional amounts 298 
of absorbance change at 570 nm (due only to the small ~30% of NpHR molecules not excited on 299 
the first flash, see Materials and Methods and SI Figure S3) compared to that following the first 300 
actinic pulse as the cycle would not be complete by the time of the next actinic flash. As a 301 
consequence, the amplitude of the 570 nm absorbance change will be proportional to the fraction 302 
of NpHR population that has completed this final step of the photocycle. If the penultimate step in 303 
the photocycle of NpHR (the chloride uptake step or P5 à P6) for which the half-life of 1.5 ms 304 
(Figure 1) is rate-limiting, consecutive actinic flashes provided at any rate between 20 and 200 305 
Hz (5-50 ms between each consecutive flash) should all elicit an equivalent light-induced 306 
absorbance change at 570 nm because this step remains faster than the excitation rate. Figure 4 307 
depicts the results of single-turnover flash experiments using detergent-solubilized NpHR 308 
micelles at 570 nm with varying actinic repetition rates: 20 Hz (dash-dotted line, 50 ms between 309 
flashes), 50 Hz (dashed line, 20 ms between flashes), 100 Hz (dotted line, 10 ms between flashes) 310 
and 200 Hz (solid line, 5 ms between flashes). In these experiments, each actinic flash generated 311 
an absorbance change equal to 93-97% of the amplitude of the first flash in each respective 312 
sequence regardless of repetition rate, suggesting that the penultimate Cl– uptake step (P5 à P6) 313 
and not the final protein relaxation step (P6 à P0) is rate-limiting under conditions approaching 314 
continuous illumination. Moreover, if the excitation repetition rate is increased to 500 Hz (2 ms 315 
between each consecutive flash), an interval more frequent than the chloride uptake step, each 316 
 excitation beyond the first exhibits a reduced absorbance change that on average is equal to 81% 317 
of that measured for the first flash (SI Figure S5). 318 
 319 
DISCUSSION 320 
 321 
The photocycle of halorhodopsin from N. pharaonis has been characterized as consisting of six 322 
kinetically distinguishable steps (Figure 1), with each intermediate state of the NpHR protein 323 
labeled as P0-P6, where P0 represents the ground state of NpHR before excitation by light (25). 324 
The photocycle is initiated by a photon of light promoting the transition from P0 to the state P1 325 
(25). The half-lives of the different steps of the photocycle reported by Chizov et al. are depicted 326 
in Figure 1. These half-lives were determined from global fitting with six exponents; the 327 
maximum number of exponents needed to obtain the least standard deviation of the weighted 328 
residual (25).  329 
 330 
From single-turnover flash optical measurements reported in literature, the sixth and final kinetic 331 
step (t1/2 = 20 ms, P6 à P0) responsible for the regeneration of the ground state (P0) is predicted to 332 
be rate-limiting, suggesting a maximum turnover rate of ~ 35 Cl– ions/protein/s (25). On the other 333 
hand, optogenetic experiments utilizing NpHR to hyper / depolarize neural cells under continuous 334 
illumination have suggested transport rates of up to 1245 Cl– ions/protein/s (24). Kleinlogel et al. 335 
suggested that this discrepancy could be explained if under continuous illumination excitation of 336 
P6, whose absorption spectra is almost identical to the ground state (P0), could directly lead to 337 
generation of P1 by absorption of a photon, thereby bypassing the ground state (Figure 1).  338 
We tested the hypothesis that continuous illumination allows a bypass of the P0 state by 339 
monitoring the P5 to P6 transition corresponding to the chloride uptake step of detergent 340 
solubilized NpHR. These experiments were performed with actinic flashes at varying repetition 341 
rates approaching continuous illumination while monitoring the absorbance change at a 342 
wavelength characteristic of the uptake of chloride into the active site (570 nm) (Figure 4). The 343 
half-life of the P6àP0 transition is 20 ms (50 Hz) and therefore at excitation rates greater than 50 344 
Hz, e.g., 200 Hz (5 ms between each consecutive excitation), the majority of the NpHR 345 
molecules excited on the first laser flash are still in the P6 state at the time of the second flash (at 346 
t = 5 ms). The second laser flash therefore probes primarily NpHR in the P6 state. If the P6àP0 347 
step were rate-limiting, then a second actinic flash fired less than 20 ms after the first would 348 
yield no significant absorbance change at 570 nm. However, we observe a similar change in 349 
absorbance following each actinic flash regardless of the excitation repetition rate; this is 350 
consistent with the hypothesis that excitation of P6 with light can lead to direct generation of P1. 351 
Alternatively, if the slow ~20 ms transition assigned to the decay of the P6 state by Chizov et al. 352 
represents a minor off-pathway reaction and not an obligatory intermediate between the chloride 353 
uptake step (P5) and the ground state (P0), excitation of NpHR at pulse intervals between 5-20 ms 354 
would similarly lead to equivalent amounts of photobleaching following each flash. Although 355 
our data cannot distinguish between these two possibilities, they unambiguously show that the 356 
rate-limiting step of the NpHR photocycle is not the previously proposed P6 to P0 state with a 357 
half-life of 20 ms. Therefore in either case we would expect the next longest step (i.e. the 358 
chloride uptake step, t1/2 = 1.5 ms) to be rate-limiting. 359 
 If the photocycle kinetics are an indication of NpHR turnover rate, then under continuous 360 
illumination, the P5 to P6 (or P0) transition with a half-life of ~ 1.5 ms (~ 460 turnovers/protein/s) 361 
is within two fold of our reported transport rate of 219 (± 98) ions/protein/s (Figure 5A). Our 362 
oocyte-based measurement of 219 (± 98) Cl–/protein/s at 630 photons/protein/s and that reported 363 
for NpHR-ChR2 tandem constructs of 1245 Cl– ions/protein/s at a calculated photon flux of 364 
~3600 photons/protein/s (24) are also within an order of magnitude of each other; the difference 365 
between them could be attributed to differences in the photon fluxes employed or methods of 366 
protein quantification. Normalizing the rates with respect to photon flux results in per photon ion 367 
transport rates of 0.35 (± 0.16) Cl–/photon (this work) and 0.33 Cl–/photon (24) showing overlap 368 
in the two measurements (24) (Figure 5B). The photon flux normalized per protein transport rate 369 
is also in agreement with literature-reported quantum efficiencies of NpHR which include 0.27 370 
(30), 0.3 (28) and 0.34 (29) based on transient absorbance spectroscopy of NpHR (28-30). The 371 
NpHR transport rates and corresponding quantum yields (ions per photon) from different 372 
techniques are summarized in Figure 5. 373 
 374 
To conclude, we have reported the first direct measurement of the ion transport rate of NpHR in 375 
NpHR-expressing oocytes and confirmed our measurements with consecutive flash photocycle 376 
optical experiments. Our in vivo ion transport rate measured in NpHR-expressing oocytes resulted 377 
in 219 (± 98) Cl–/protein/s for a photon flux of 630 photons/protein/s. Considering the per photon 378 
count, our measurement yields a transport rate of 0.35 (± 0.16) Cl–/photon which is in agreement 379 
with the literature-reported quantum yield of NpHR of 0.3 and per photon transport rate of 0.33 380 
Cl–/photon for ChR2-NpHR tandem constructs by Kleinlogel et al. Further, to reconcile our 381 
measurement with inferred NpHR turnover of 35/s from the previously-reported slowest step in 382 
the photocycle, we carried out consecutive single-turnover flash experiments in vitro at different 383 
repetition rates. Our data suggests that the previously reported P6 to P0 transition is not the rate 384 
limiting step in the NpHR photocycle and are consistent with the “bypass” hypothesis proposed 385 
by Kleinlogel et al., which suggested that under continuous illumination the NpHR photocycle 386 
short-circuits the P6 to P0 transition(24). Alternatively, our data are also consistent with a 387 
photocycle model where the P5 state decays directly to P0 with a half-life of ~1.5 ms. In the latter 388 
model the previously reported P6 state may still exist but as an off-pathway reaction rather than a 389 
required intermediate in the regeneration of P0. If we assume that the rest of the photocycle 390 
remains unaltered, both models predict that the turnover from the chloride uptake step with a half-391 
life of 1.5 ms is ~ 460 turnovers/protein/s. Our measured transport rate of 219 (± 98) Cl–/protein/s 392 
from voltage clamp experiments is within two fold of this turnover. We propose this in vivo 393 
method to measure ion transport under different illumination intensities can be used to screen 394 
optogenetically relevant opsins and predict their efficacy at polarizing neuronal membranes thus 395 
providing a standard measurement for single protein biophysical characterization. Recent efforts 396 
to engineer NpHR to red-shift the absorption spectrum of NpHR to improve photon-capture at 397 
longer wavelengths (8) or to synthesize photovoltaic devices using bacteriorhodopsin (7) are other 398 
novel applications where this assay could prove critical to screen and optimize opsin activity. 399 
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 515 
 TABLES 516 
Table 1. Summary of NpHR transport rates from literature 517 
Technique Estimated transport rates  (Cl - ions/ protein/s) Methodology 
pH measurements in N. 
pharaonis envelope 
vesicles(23) 
<1 Indirect measurement based on secondary transport of protons across the bilayer, estimation of protein concentration using the Lowry method(18). 
Single-turnover flash 
optical experiments(25) 35 
Theoretical estimate of the NpHR transport rate under single flash conditions 
assuming the transition of P6 to ground state (P0) is rate-limiting. Actual rate 
may be limited by effective photon flux or ion transport quantum efficiency(10).  
Patch-clamp measurement 
on neural cells expressing 
tandem construct of 
ChR2-EYFP-NpHR(24)	  
1245 
Overall transport rate for NpHR determined from patch clamp ion 
measurements under continuous orange light. Number of NpHR proteins per 
cell determined using transport measurements of Channel rhodopsin (ChR2) 
expressed in tandem with NpHR divided by earlier reported single channel 
ChR2 currents extrapolated to experimental conditions (27). 
 518 
 519 
FIGURE LEGENDS 520 
 521 
Figure 1. Kinetic Model of the NpHR photocycle. Photocycle model adapted from Chizhov et 522 
al. (25), where P0 represents the ground state of NpHR and P1-P6 are six kinetically 523 
distinguishable intermediates. Corresponding half-lives for each transition listed between 524 
corresponding intermediates. A photon of light initiates the photocycle by promoting the 525 
transition between P0 and P1. The last and the longest step in this process, the transition from P6 526 
to the ground state (P0) with a half-life of 20 ms, is currently accepted to be the rate-limiting step. 527 
The “bypass” hypothesis suggests that P6 can absorb a photon of light and directly transition to 528 
P1, bypassing P0, under continuous illumination.  529 
Figure 2. Purification and characterization of NpHR. A. Silver stained SDS-PAGE and B. 530 
Anti-histidine tag Western blot show a single band around 30 kDa consistent with the NpHR 531 
monomeric molecular weight. C. Absorbance spectrum of purified NpHR with an absorbance 532 
maximum at 580 nm.  533 
 534 
Figure 3. Determination of the per protein transport rate of NpHR expressed in oocytes 535 
from NpHR-induced photocurrents in a voltage clamp set-up and NpHR quantification 536 
using Coomassie and Western blot analysis. A. Determination of concentration of detergent-537 
solubilized Myc-tagged NpHR from Coomassie gel analysis of NpHR-anti-Myc-antibody 538 
complex. The gel can be found in SI Figure S1A. Densitometry analysis was conducted on the 539 
gel band corresponding to the 50 kDa heavy chain of the antibody following denaturation of the 540 
NpHR-antibody complex and compared against a Coomassie calibration curve obtained with 541 
different known concentrations of 26 kDa glutathione S-transferase (GST).  B. Determination of 542 
Myc-tagged NpHR expression in oocyte membranes using Western blot analysis. The gel can be 543 
found in SI Figure S1B. A calibration curve of a range of known concentrations of denatured 544 
NpHR-antibody complex was used to determine the concentration of NpHR per oocyte. The 545 
 curve was obtained from a calibration curve of the band intensity from a Western blot analysis 546 
on independently purified Myc-tagged NpHR proteins. The band intensity was observed to reach 547 
saturation at the higher concentrations of purified NpHR, and only concentrations for which the 548 
calibration curve was linear were used to obtain the concentration of NpHR expressed in oocytes. 549 
Two different cRNA concentrations were used per batch of oocytes to induce different levels of 550 
NpHR expression. Each cRNA concentration was treated as a replicate. Two different batches of 551 
oocytes were thus tested resulting in 4 replicates. C. The current induced in NpHR-expressing 552 
oocytes was determined using two electrode voltage clamp on oocytes during illumination by a 553 
589 nm laser. Normalizing the current at zero potential from C. with corresponding NpHR per 554 
oocyte from B. results in an average transport rate of 0.35 (± 0.16) ions/protein/photon/s. Current 555 
recordings were obtained from 7 to 9 oocytes per cRNA injection per oocyte batch. 556 
 557 
Figure 4. High-repetition consecutive singe-turnover flash experiments on detergent-558 
solubilized NpHR micelles. Detergent-solubilized NpHR micelles purified from E. coli were 559 
illuminated with consecutive actinic flashes at repetition rates of 20 Hz (50 ms between flashes, 560 
dash-dotted line), 50 Hz (20 ms between flashes, dashed line), 100 Hz (10 ms between flashes, 561 
dotted line), and 200 Hz (5 ms between flashes, solid line). The resulting light-induced changes 562 
in absorbance at 570 nm, representative of the chloride uptake step, were recorded as a function 563 
of time. Each trace is the difference between a single data collection with and without actinic 564 
pulses at the specified repetition rate. Arrows indicate actinic flash events at an intensity of 4 565 
mJ/pulse at 532 nm. The amplitudes of the consecutive absorbance change events at 570 nm are 566 
comparable at all excitation rates tested including the 100 Hz and the 200 Hz repetition rates, 567 
which are more frequent than the P6 to P0 half-life duration (t1/2 = 20 ms). 568 
 569 
Figure 5. NpHR transport rates obtained from voltage clamped current measurements on 570 
NpHR expressing oocytes (this study) compared with indirectly measured or inferred 571 
transport rates and quantum yields from different techniques reported in literature. The 572 
normalized per photon oocyte-based transport rate of NpHR of 0.35 (± 0.16) Cl–/photon obtained 573 
for an NpHR transport rate of 219 (± 98) Cl–/protein/s for a photon flux of 630 photons/protein/s, 574 
is in agreement with the reported quantum yield of NpHR of 0.3. The measured value is also in 575 
agreement with the electrophysiology-based per photon estimates on tandem fusion constructs of 576 
NpHR with ChR2 which resulted in a transport rate of 0.33 Cl–/photon or 1245 ions/protein/s at a 577 
photon flux of 3600 photons/protein/s (24).  578 
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